Abstract Ultra-precise optical clocks in space will allow new studies in fundamental physics and astronomy. Within an European Space Agency (ESA) program, the "Space Optical Clocks" (SOC) project aims to install and to operate an optical lattice clock on the International Space Station (ISS) towards the end of this decade. It would be a natural follow-on to the ACES mission, improving its performance by at least one order of magnitude. The payload is planned to include an optical lattice clock, as well as a fre- 
I. INTRODUCTION
The mission ACES (Atomic Clock Ensemble in Space) [1] will operate a coldatom microwave clock on the ISS, with a planned flight date in 2016. A follow-on mission with an improved clock was proposed in 2005, in the framework of ESA's ISS utilization program ELIPS. In this mission, the clock and the time/frequency links will have a performance at least a factor of 10 better than the ACES mission.
An optical lattice clock [2] is a suitable solution for an improved clock. The payload will contain a frequency comb for transformation of the ultra-stable optical frequency into a microwave, in order to allow use of the microwave link technology for time and frequency transfer between Earth and ISS.
Since 2007, technical developments on a robust and compact Sr optical clock are being undertaken by the Space Optical Clock (SOC) consortium (www.soc2.eu) Important requirements for an optical clock for space are: performance, compact size and moderate mass, radiation hardness, fully automatic operation, low down-time, ability to withstand shocks and vibrations during launch (when in nonoperational mode), and switch from non-operational to operational mode. These requirements led to the development of a first-generation breadboard system which successfully operated with 88 Sr [3] . Based on the experience gained with that system and its subunits, the development of an advanced breadboard system with improved specifications was initiated; its status is reported here. Earlier developments are reported in Ref. [4] II. THE SOC MISSION CONCEPT
The ISS mission SOC will implement two objectives in fundamental physics, the measurement of the gravitational redshift in the Earth's field and in the Sun's field. In addition, it will be operated as a reference clock in space, combined with a high-performance link allowing distribution of precise frequency over a large 4
II THE SOC MISSION CONCEPT
part of Earth and allowing comparisons between distant ground clocks of high performance, opening up the field of space-assisted relativistic geodesy.
The precise measurement of the gravitational redshift in the fields of two dissimilar bodies (the constitution of the atomic nuclei in the Earth and Sun being strongly different (mostly iron vs. hydrogen)) represents a search for the existence of new fundamental fields that induce a non-universality of the gravitational redshift effect. This implies a strong test of Einstein's theory of General Relativity as well as of the Einstein Equivalence Principle. It also paves the way for future application of the redshift effect for high-accuracy mapping out the gravitational potential of planets or stars. In detail, the objectives of SOC are:
• Objective I
The measurement of the gravitational redshift of the Earth will be performed with an accuracy improved by a factor 10 compared to the goals of the ACES mission. The improvement factor will be limited by the inaccuracy of the space optical clock (1 − 2 × 10 −17 ) or of the link, since a sufficient number of primary terrestrial optical clocks having an accuracy higher than the space clock will be available by the time of the mission [2] .
• Objective II By comparing pairs of terrestrial clocks located at a large distance in eastwest direction it is possible to perform a test of the equivalence principle in the gravitational field of the Sun [5, 6] . As any clock on the Earth is in free-fall with respect to the Sun (neglecting tidal forces), any relative frequency shift between two clocks caused by the Sun is expected to cancel.
This is due to a cancellation between the pure gravitational effect and the relativistic Doppler shift occurring in a comparison between any two clocks located at a distance. Basically, the comparisons are performed in two orientations of the Earth: in one, the baseline between the terrestrial clocks is perpendicular to the direction to the Sun. This frequency comparison yields 5 the difference in Earth's gravitational potential between the two clock locations. The second orientation is when the clocks' baseline lies parallel to the direction Earth-Sun. A measurement in this orientation contains a contribution of the Sun's gravitational potential (solar redshift), but is canceled by the Doppler shift due to the motion of the clocks along the Earth orbit.
In practice, the measurements will be performed continuously, for various orientations. Assuming ground clocks with accuracy of 1 × 10 −18 spaced one Earth radius away, and that a sufficiently large number of Earth rotations and comparisons is used to reduce the inaccuracy by a factor 10 compared to a single comparison, a measurement of the combined effect of solar redshift and Doppler shift with relative inaccuracy of 2 × 10 −7 can be obtained. The improvement compared to the mission ACES, which will also be capable of such a measurement, is a factor of 10 or more, limited by the inaccuracy that distant terrestrial clocks comparable via ACES will have achieved by the time of its flight, and by the ground-ISS link inaccuracy.
• Objective III
The Earth gravitational redshift is also the foundation for relativistic geodesy. Terrestrial clocks and corresponding receiver systems (occupying a volume on the order of a container or less) will eventually become available for transportation to locations of particular geophysical interest and can be compared to the space clock, allowing determination of the local value of the gravitational potential. These transportable clocks may well have reached an accuracy of 1 × 10 −18 by the time of the SOC mission.
By relying on the goal inaccuracy of the space clock, the correctness of the gravitational redshift established by the mission, and precise ISS orbit determination, measurements of the local terrestrial gravitational potential at the equivalent uncertainty level of 10 cm would be possible. However, the space clock can also enable comparison of distant terrestrial clocks with ac- relative to a few km maximum height difference) is on the order of several parts in 10 6 , a level for which the correctness of the gravitational redshift will have already been tested by ACES.
• Objective IV
The dissemination of ultrastable frequencies over the Earth, where the frequencies are generated from both the space clock and a set of ultraprecise terrestrial clocks. This objective is foreseen to satisfy new future ground or space users. The measurement procedures will be similar to the ones of the other objectives. Thus, the SOC mission will contribute to link terrestrial clocks into a global network allowing ground-to-ground or ground to space comparisons with a relative frequency uncertainty level of 1 × 10 −18 .
III. OVERVIEW
The transitions relevant for an optical lattice clock using strontium are shown in stabilization system (FSS) [7] . These subunits are interconnected by optical fibers.
A computer system based on an field programmable gate array (FPGA) controls the system. A robust wavemeter would likely be part of the optical clock in space.
A Atomics unit However, the SOC consortium did not undertake a corresponding development.
We describe the units in turn and present first characterization results.
IV. SUBUNITS OF THE CLOCK

A. Atomics unit
The compact and lightweight vacuum chamber is shown in Fig. 2 . Including the breadboard, the overall size is 143 liter and its mass is 50 kg. In the 3D
MOT "science" chamber (right), an ultra-high vacuum in the range of 10 -11 mbar is maintained. This is achieved by employing two ion pumps (25 l/s and 2 l/s), near to the atomic source and to the science chamber, respectively. In order to minimize the black-body radiation (BBR) coming from the atomic source during clock operation, an automated full-closure flag shutter is installed. Permanent magnets are used for the Zeeman slower, as low energy consumption is important.
The Zeeman slower is described in detail in Ref. [8] .
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The science chamber, shown in Fig The atomic source is a low-power oven adapted from the device described in
Ref. [9] . The atomic beam deposits Sr atoms on the viewport of the 4-way cross after the 3D MOT chamber. In order to be able to remove the deposited strontium, a sapphire viewport was installed, which is bakeable to high temperature for that purpose.
B Laser system for the 1 st -stage MOT 9 laser radiation and 9 fiber outputs, all of which are mounted on the same side, for ease of access. 250 mW laser power is available in the fiber input to the distribution unit. The fiber outputs are connected to the atomics unit.
The module can simultaneously supply required frequency (detuning) and intensity control for 2D & 3D MOTs, for the Zeeman slower, for detection and for spectroscopy that serves to lock the laser. It contains 5 acousto-optical modulators (AOMs) that can be controlled via a direct digital synthesizer (DDS), which itself can be interfaced with a computer.
C. Lasers for the 2 nd -stage MOT
The second-stage cooling employs the 1 S 0 − 3 P 1 transition at 689 nm with a natural linewidth of about 7.5 kHz. In order to take full advantage of the correspondingly low Doppler temperature, a cooling laser with sub-kHz linewidth is required. We have observed that the spectral purity is especially important in the frequency range extending to 100 kHz around the carrier: sidebands or noise in this range can severely compromise the laser cooling and thus hamper the C Lasers for the 2 nd -stage MOT 11 transfer efficiency of the atoms from the 2 nd -stage MOT into the optical lattice.
The spectral purity is typically achieved by a fast frequency lock to a highly stable optical reference resonator in combination with sufficiently small frequency noise of the free-running laser. Here, the FSS (Sec. IV E) serves as such a reference.
To cover a broad range of atomic velocities when capturing atoms precooled in the 461 nm MOT stage, during the first phase of the second-stage cooling, the laser spectrum is broadened by modulation of the frequency with peak-to-peak amplitude of 5MHz and modulation frequency of 30 kHz. In our design, the modulation is introduced within the frequency control servo loop to the reference cavity through frequency modulation of the sideband frequency in the FSS, thus avoiding the power consumption and complexity of a dedicated double-pass AOM on the laser breadboard. Furthermore, the 2 nd -stage cooling of 87 Sr requires not only one laser that addresses the ∆F = +1 cooling transition but a second (socalled stirring) laser to drive the ∆F = 0 hyperfine transition [10] , which is detuned by about 1.4 GHz from the ∆F = +1 transition. The stirring laser must have similar spectral characteristics as the 2 nd -stage cooling laser and it needs to follow the frequency modulation of the cooling laser that is applied during the initial phase of the 2 nd -stage MOT operation.
The two compact 2 nd -stage cooling laser pulse distribution breadboards are based on designs for the stationary Sr lattice clock at PTB, and use half-inch optical components. To keep the optical setup simple without requiring a second reference cavity, the stirring laser is phase-locked to the cooling laser using a beat note between both. The frequency of this beat note is at 1.4 GHz and is detected with an avalanche photodiode, integrated on the stirring laser board.
The beat frequency is mixed with a reference frequency from the sixth harmonic of a 243 MHz DDS. A phase/frequency detector creates an error signal which is fed back to the piezoelectric transducer (PZT) (slow part) and the laser diode current (fast part, small corrections) of the stirring laser. The parameters of the phase- The performance of the phase-locked loop (PLL) is indicated in Fig. 6 . As expected for a phase lock with less than one radian phase excursions, the beat The same repumping scheme is used after the clock interrogation, to pump atoms from the upper clock state back to the ground state for efficient detection. In the fermionic isotope, both the 3 P 2 and the 3 S 1 level are split by about 5 GHz due to hyperfine structure [11] . Thus, to avoid optical pumping into dark states, both repumpers are frequency-modulated by a peak-to-peak amplitude of more than 5 GHz at a frequency of 5 kHz to completely cover the full hyperfine structure, using a modulation of the cavity length by PZTs.
The repumper breadboards of size 26.5 cm × 32 cm × 12.1 cm, and mass 15 kg (Fig. 7) are based on TOPTICA DL-pro diode lasers that are coupled in two 14 IV SUBUNITS OF THE CLOCK fibers each, one going to the atomics unit and the other going to a wavemeter for long-term frequency control. Currently, the lasers are turned on/off using shutters rather than AOMs, in order to avoid the power loss of AOMs.
E Frequency stabilization system (FSS)
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D. Laser for the optical dipole trap
For the 1D optical dipole trap a high-power laser is required. The laser (TOPTICA) is a master-oscillator-power amplifier system that delivers a singlefrequency output of 3 W at 813 nm. The laser and its breadboard (Fig. 8) have dimensions 50 cm × 20 cm × 20 cm and mass 30 kg. The breadboard includes a diffraction grating that filters out spurious spectral background, which is generated by amplified spontaneous emission, before the light is coupled into a fiber output of the breadboard.
The lattice light is transported via fiber to the atomics unit. There, it is focused using a telescope designed using commercially available parts (Thorlabs). The chosen optics yield a focus of the laser beam with a radius of around 120 µm, centered on the atoms. The optics can easily be adapted to generate smaller foci.
The design allows overlapping the lattice laser beam with the clock interrogation beam by having the lattice beam retro-reflected, and the clock laser introduced through the back side of the retro-reflection mirror. This arrangement (Fig. 2) further reduces the size of the apparatus. For 1.5 W of 813 nm light out of the fiber at the atomics unit and a lattice waist radius of 120 µm at the position of atoms in the atomic chamber, a lattice trap depth of 100 E R results, where E R is the lattice recoil energy.
E. Frequency stabilization system (FSS)
The 1 st -stage cooling laser, the 2 nd -stage cooling laser, and the lattice laser require frequency instabilities of 1 MHz, 1 kHz, and 10 MHz, respectively, maintained over sufficiently long time intervals with only an occasional correction from the atomic signal. A dedicated, compact frequency stabilization system (FSS) has been developed for this purpose [7] . It is based on a monolithic ultra-low expansion (ULE) block containing three 10 cm long cavities: one for 922 nm/813 nm,
16
IV SUBUNITS OF THE CLOCK one for 689/698 nm, and one for the 679 nm/707 nm repumpers. The latter is unused at present, since the passive frequency stability of the repumpers is sufficient. The ULE block is embedded in a 30 cm × 20 cm × 10 cm vacuum chamber which also contains optics and photodetectors. The laser waves are input into the chamber via fiber feed-throughs. Figure 9 shows the system. Together with a box containing the waveguide phase modulators and fiber connectors, the total volume occupied is 50 cm × 30 cm × 25 cm. The total mass is approx. 25 kg.
The cavities are not tunable. In order for the lasers to be tunable to their respective atomic transitions, an offset-locking technique was implemented. Each laser wave is phase-modulated at a frequency produced by a DDS. One of the two sidebands is locked to the respective reference cavity. By computer-controlled tuning of the DDS frequency, the optical frequency of the carrier wave can thus be tuned without loss of lock. In order to obtain robust PDH (Pound-DreverHall) error signals for frequency lock, an additional phase modulation of the DDS frequency is used. The 922 nm and 813 nm lasers are locked using the DIGILOCK 110 (TOP-TICA). The 689 nm laser is locked using a home-made proportional-integral- The FSS is very robust: it can be tilted while the frequency locks are maintained.
F. Clock laser
The 698 nm laser for interrogation of the atomic clock transition consists of the laser breadboard, the reference cavity, and the electronics modules.
The laser breadboard of size 60 cm × 45 cm × 12 cm and mass 20 kg (Fig. 10) provides fiber-coupled outputs for diagnostics by a wavemeter or for the FSS, for the frequency comb, and switchable light with adjustable power for exciting the 18 IV SUBUNITS OF THE CLOCK atoms. The outputs for the comb and for the atomics unit contain the necessary optics for a cancellation of the fiber noise by detecting the round-trip phase through the fiber, which is possible even in pulsed mode during the interrogation of the clock transition [12] . The clock laser breadboard initially contained a low-power filter-stabilized extended-cavity diode laser [13] . A slave laser was injection-locked to its output, boosting the power to 10 mW. During the course of the SOC2 project, more powerful filter-stabilized 698-nm lasers were developed at LUH, that do not require the additional slave.
The clock laser is tightly frequency-locked to an ultrastable Fabry-Perot cavity via a PDH feedback loop, in order to narrow down the spectrum. This leads to a long coherence time of the laser wave, thus enabling long interrogation times of the atoms and therefore Fourier-limited atomic resonances, with widths potentially on the order of 1 Hz. To achieve a narrow laser linewidth, the cavity must exhibit a high finesse, a low sensitivity to vibrations and must be under vacuum in order to avoid fluctuations of its optical length. The temperature stabilization of the cavity must be sufficiently accurate to reduce the frequency drift during the spectroscopy phase to a level such that locking errors are small compared to the targeted accuracy. Once referenced to such a cavity, the short-term fractional frequency stability of the laser is typically in the 10 −15 range. The long-term fluctuations (time scale larger than a few seconds) of the laser frequency are corrected via a slow lock to the atomic clock transition, while the short-term laser fluctuations still contribute to the clock instability through the Dick effect [14] .
A compact ultrastable cavity setup was developed with consideration of robustness against mechanical disturbances and against uncontrolled temperature changes. The 10 cm long reference cavity is made of a ULE glass spacer and uses optically contacted fused silica mirror substrates in order to reduce the thermal noise floor. A ULE glass ring is contacted to the back of each mirror substrate in order to compensate for the differential temperature sensitivity between the spacer and the mirrors [15] . The cavity is mounted vertically, tightly fixed to three gold-coated aluminum shields [16] as shown in Fig. 11 . The outer shield is vacuum-tight, and includes a copper finger that controls the temperature of the intermediate shield. The shields are connected one to another by three titanium feet, therefore ensuring a very low heat exchange by conduction between the shields [17] . The overall mass of the vacuum system plus cavity is 9 kg, and the volume is 5 liter. The transport of the setup by car over 800 km did not result in any significant misalignment of the optics for coupling light into the cavity.
Integration
The laser breadboards and the atomics unit are currently collocated on one optical table, see 
C. Clock laser
The clock laser breadboard (without the cavity described above) was successfully tested with an earlier reference resonator [18] for the characterization of the original SOC physics package [3] . With this system the clock transition in 88 Sr could be observed with 10 Hz linewidth in a different experiment.
In order to evaluate the stability of the new cavity, we have locked a (different, stationary) master laser at 698 nm to a stationary ultrastable cavity, with a known flicker noise level of 6 × 10 −16 , and offset-locked the resulting light to the new cavity. The frequency stability of the offset reflects the combined stability of the two cavities (red line, Fig. 15 ). Overall, the flicker floor is 1. 
VI. SUMMARY AND OUTLOOK
We developed a novel Sr lattice clock apparatus of modular design and consisting of compact subunits. The subunits are designed for mechanical robustness.
The total mass is approx. 200 kg, excluding electronics. Although the apparatus is not a prototype of a space clock, the value of this physical parameter is already in a range compatible with the intended space application on the ISS. At present, the apparatus can reliably trap atoms in the 1 st -stage and single-frequency 2 nd -stage MOTs. Optimization of the MOT is ongoing. The next step is achieving trapping in the optical lattice, after which the apparatus will be transferred to PTB for further optimization and characterization with respect to stationary optical clocks.
For transportability, all subunits, including the atomics package, will be installed in a vibration-isolated and fully transportable rack of less than 970 liter volume
